to control. In male offspring mice, arsenic exposure increased (p < 0.05) bronchiolo-alveolar tumor (adenoma or carcinoma) incidence at 50-ppb group (51 %) and 500-ppb group (54 %), but not at 5,000-ppb group (28 %) compared to control (22 %). These arsenic-induced bronchioloalveolar tumors included increased (p < 0.05) carcinoma at 50-ppb group (27 %) compared to controls (8 %). An increase (p < 0.05) in lung adenoma (25 %) in the 50-ppb group compared to control (11 %) occurred in female offspring. Thus, in cD1 mice whole-life arsenic exposure induced lung tumors at human-relevant doses (i.e., 50 and 500 ppb).
Introduction
Inorganic arsenic is a multi-site human carcinogen with targets including the lung, skin and urinary bladder, and drinking water is a major route of exposure (IArc 2004 (IArc , 2012 . estimates place tens of millions of people worldwide at risk for chronic exposure to potentially harmful levels of inorganic arsenic primarily through drinking water (naujokas et al. 2013) . In humans, in utero or early life inorganic arsenic exposure from contaminated drinking water has been associated with subsequent lung cancer in adulthood (Smith et al. 2006; Marshall et al. 2007 ) or other cancers (Smith et al. 2012; Liaw et al. 2008; yuan et al. 2010 ) recognized as targets of inorganic arsenic in humans (IArc 2004 (IArc , 2012 . Similarly, in mice, the lung is a common target site after in utero exposure via inorganic arsenic in the maternal drinking water (Waalkes et al. 2003 (Waalkes et al. , 2004 (Waalkes et al. , 2006a Tokar et al. 2012) . Whole-life inorganic arsenic exposure Abstract In mice, inorganic arsenic in the drinking water in the parts per million range via the dam during in utero life or with whole-life exposure is a multi-site carcinogen in the offspring. However, human arsenic exposure is typically in the parts per billion (ppb) range. Thus, we studied "whole-life" inorganic arsenic carcinogenesis in mice at levels more relevant to humans. Breeder male and female cD1 mice were exposed to 0, 50, 500 or 5,000 ppb arsenic (as sodium arsenite) in the drinking water for 3 weeks prior to breeding, during pregnancy and lactation, and after weaning (at week 3) groups of male and female offspring (initial n = 40) were exposed for up to 2 years. Tumors were assessed in these offspring. Arsenic exposure had no effect on pregnant dam weights or water consumption, litter size, offspring birthweight or weight at weaning compared 1 3 in mice, which includes gestational exposure, produces a generally similar spectrum of tumors as in utero exposure, only at lower doses, and includes dose-related increases in lung cancers (Tokar et al. 2011) . Thus, it appears inorganic arsenic exposure during development stimulates lung carcinogenesis that manifests in adulthood in both humans and rodents (Smith et al. 2006; Marshall et al. 2007; Waalkes et al. 2003 Waalkes et al. , 2004 Waalkes et al. , 2006a Tokar et al. 2012) , although most human populations are generally exposed during their whole life (IArc 2004 (IArc , 2012 .
Thus far, for in utero exposures to inorganic arsenic to result in adulthood cancer in mice, the exposure levels used in the maternal drinking water have been in the moderate parts per million (ppm) level (42.5 or 85 ppm; Waalkes et al. 2003 Waalkes et al. , 2004 Waalkes et al. , 2006a Tokar et al. 2012) , while human arsenic-associated cancers generally occur with exposures in the parts per billion (ppb) range (for examples see: IArc 2004 see: IArc , 2012 . We developed a "whole-life" exposure model in mice which involves inorganic arsenic exposure via the drinking water to breeders 3 weeks prior to breeding, to the dams during pregnancy and lactation, and then to the offspring after weaning through adulthood to about 2 years of age (Tokar et al. 2011) . With this whole-life exposure, lower inorganic arsenic doses result in tumor formation as in, for instance, lung cancers that occur to excess at 24 ppm but match the control rates at 6 ppm (Tokar et al. 2011) . rodent tumor endpoint assays can be insensitive, and their sensitivity can vary with a variety of parameters such as group size. Moreover, some have proposed that arsenic has complex dose-response characteristics with biological activity, like steroid receptor gene activation, that occurs at low doses but is lost at higher doses (Bodwell et al. 2004 (Bodwell et al. , 2006 . This dose-response dichotomy seems to exist within oncogenesis as inorganic arsenic is a very effective cancer chemotherapeutic at pharmacologic doses, but can also enhance xenograft tumor growth and angiogenesis at lower doses (Soucy et al. 2003; Kamat et al. 2005; Liu et al. 2006) . In addition, functional or genetic changes relevant to chronic lung disease and cancer have been reported after exposure in early life (including in utero exposure) to inorganic arsenic at doses as low as 100-500 ppb in rodents (Petrick et al. 2009; Lantz et al. 2009; Kozul et al. 2009; ramsey et al. 2013a, b; Farzan et al. 2013) .
Therefore, we designed the present study to expose mice to inorganic arsenic throughout gestation and then for the bulk of their adult life to a range of arsenic levels encompassing much lower doses such as those encountered commonly in the human environment. The original intent of this work was to provide rodent data potentially useful in more clearly defining levels of concern for inorganic arsenic. We used our "whole-life" protocol that exposes mice to inorganic arsenic via the drinking water through their entire in utero life stage and subsequently through adulthood until 2 years of age (Tokar et al. 2011) as this would duplicate how humans most likely would be exposed via the environment. The lower two dosage levels of drinking water inorganic arsenic used in the present study (50 and 500 ppb arsenic) are much more commonly seen in human drinking water (IArc 2004 (IArc , 2012 , and the lowest level (50 ppb) approaches the USePA maximum contaminant level in drinking water for arsenic in the United States (10 ppb).
Materials and methods

Animals and treatment
This study started in June of 2009. The animal portion of the present study was designed and performed entirely within the national cancer Institute facility at Fort Detrick in Frederick, MD. Animal care was provided in accordance with the Guide for the care and Use of Laboratory Animals (Institute of Laboratory Animal resources 1996). The ncI-Frederick animal facility and its animal program are accredited by the American Association for Accreditation of Laboratory Animal care, and the animals were treated humanely and with regard for alleviation of suffering. The cD1 mice used for breeders and for initial dosing were obtained from charles river South (raleigh, nc). Mice were housed under conditions of controlled temperature, humidity and light cycle.
A basal diet (5L79; ralston Purina, St. Louis, MO) and acidified water were provided ad libitum. The chow used was not archived but is made of the same components as Purina's certified rodent diet which in its most recent testing was listed as below detection limits in total arsenic (<20 ppb; 2007; http://www.labdiet.com/cs/ groups/lolweb/@labdiet/documents). In June 2013, we tested 5L79 diet sent to nIeHS from the Fort Detrick animal facility building where this bioassay was performed. We found arsenic to be below the level of detection by graphite furnace-atomic absorption spectrometry (GF-AAS; model AAnalyst 600 Perkinelmer with AS 800 auto sampler and end-capped THGA graphite tubes) after digestion of the feed in 50 % of a 2:1 ultrapure nitric acid (70 %; Aldrich, St. Louis, MO): perchloric acid (70 %; Aldrich) mixture and 50 % water. By a Method Detection Limit Study for our GF-AAS, we could consistently detect 5 ppb of inorganic arsenic standard. A mixture of palladium and magnesium was used as a matrix modifier to prevent premature volatilization before vaporization and therefore loss of signal (IArc 2004) . recovery was 99-101 % for spiked arsenic in digested diet samples (n = 8) indicating minimal matrix effects. Although the bioavailability of arsenicals from the diet can be highly variable depending on the arsenical form, our data suggest that any contributions from the feed were negligible compared to administered doses in the drinking water. Thus, the precise amount and form of arsenic that the diet added to the exposure in the present study is not known but is likely only a small fraction of the intentional exposure of inorganic arsenic from the drinking water. In addition, the dietary exposure would be equal between control and treated animals.
The water for this study was from the Fort Detrich water system. It is tested yearly for arsenic and is consistently reported to have non-detectable arsenic levels in compliance with USePA and Maryland Department of the environment testing regulations and limits and was so during the period of this study (<0.5 ppb by IcP-MS; personal communication, M. Schrader, ncI-Frederick). For arsenic treatment, sodium arsenite (naAsO 2 ; purity 99 %; Sigma chemical co., St. Louis, MO) was added to the drinking water. The levels added were 0 (control), 50, 500 and 5,000 ppb arsenic.
The cD1 mouse (charles river) strain was used. Breeder males (10 per dose) and females (20 per dose) received arsenic in the drinking water for at least 3 weeks before successful breeding. Once pregnant, dams received arsenic during the entire course of pregnancy, and after birth, the mothers received arsenic in the drinking water through the period of lactation. At weaning (3 weeks of age), offspring in initial groups of 40 per dose continued to receive arsenic in the drinking water through adulthood to planned killing at 104 weeks (birth was considered time = 0). This treatment is termed "whole life" although it did not go to the natural end of life for the individual animal. Tumors were assessed only in the offspring. At birth, litters were culled to no more than eight pups, consisting of four males and four females if possible. At weaning, offspring were randomly selected to continue in the offspring treatment groups, but it was made sure that they represented animals from atleast 10 litters treated with the same dosage. Within each treatment group, mice were allocated for further treatment into adulthood by random selection of 3-4 offspring mice/sex/litter from 10 to 12 litters of the 20 possible litters in each group. clinical data and pathological assessment Individual offspring body weights were recorded once per week for the first 10 weeks after weaning and then once every month. clinical signs were checked daily. Mice were killed with cO 2 when moribund or at the end of the study. A complete necropsy was performed on all moribund animals, animals found dead or at the end of the study. Tissues taken and processed for histological analysis included liver, kidneys, lungs, adrenals, spleen, thymus, thyroid, pituitary, urinary bladder, gonads (testes, ovary), uterus, vagina, oviduct, mammary gland, skin, brain and all grossly abnormal tissues. The skin and paws were carefully inspected for any lesions. Tissues were fixed in 10 % neutral buffered formalin, embedded in paraffin, sectioned at 5 μm and stained with hematoxylin and eosin for histological analysis. The urinary bladder was inflated with fixative prior to being embedded. The pathologists were unaware of the treatment group during pathological assessments. Pathological peer review was conducted and provided consensus diagnoses. Significant increases were seen in lung tumors in several arsenic-treated groups. In order to expedite the reporting of these data, only primary lung lesions are reported in this work. There were tumors and non-neoplastic lesions in other tissues, but in no other site were tumors found to be related to arsenic exposure. non-pulmonary lesions will be reported in a future publication.
Pathological evaluations and diagnoses of lung tumors and associated lung lesions were evaluated and diagnosed using standard diagnostic criteria as outlined in the International Harmonization of nomenclature and Diagnostic criteria in rats and mice (InHAnD) document for respiratory tract lesions (renne et al. 2009 ) in addition to criteria outlined in a descriptive document on the morphology of spontaneous and chemically induced pulmonary lesions in rats and mice (Dixon et al. 2008) . Diagnostic criteria for lung bronchiolo-alveolar adenoma and bronchiolo-alveolar carcinoma included typical morphologic characteristics used for tumor diagnosis such as cell size and shape, degree of cellular atypia, cellular pleomorphism, invasive properties of tumor cells, tumor growth pattern and mitotic activity.
Data analysis
Data are given as lesion incidence (number of affected mice/total mice examined) or survival rate or as mean ± standard deviation or standard error of the mean (SeM), as appropriate. Data on males and females were analyzed separately. A probability level of p < 0.05 was considered to indicate a significant difference in all cases. The survival analyses excluded those animals that were found dead and too autolyzed to assess for lung tumors. In the analyses of tumor incidence, litter effects and survival were taken into account by use of a mixed effects logistic regression model that included survival time and a normally distributed random litter effect. Tumor incidence analyses p values were one-sided. Tumor incidence analyses is based on numbers of animals available for pathological examination, and loss of animals to observation was typically due to post-death autolysis that was considered too advanced for appropriate diagnosis. Lung tumors were considered part of a pathological continuum (adenoma and carcinoma) and were combined for analysis as "adenoma or carcinoma." When a separate lung adenoma and carcinoma occurred in a single mouse, it is counted as a single case in this either/ 1 3 or category and noted as co-occurring in the "multiple tumors" category. There were also several instances of multiple primary lung adenoma in individual mice, and these are also discussed as cases of multiple tumors. For multiple comparisons of maternal body weight during pregnancy, maternal water consumption during pregnancy, average litter size at birth, newborn pup weight at birth and male or female weanling body weight (day 21), an AnOVA followed by a two-sided Dunnett's test was used. These analyses of measurements prior to and at weaning used the litters as the basis of comparison and first averaged within litters then averaged these litter means for summary statistics. Survival analyses were performed by cox regression and Tarone's test according to sex and arsenic dose, and all p values for these tests are two-sided. Individual adult body weights were analyzed by repeated-measures AnOVA followed by a two-sided Dunnett's test.
Results
Male and female breeder cD1 mice were exposed to 0, 50, 500 or 5,000 ppb arsenic in the drinking water at least 3 weeks prior to successful breeding. Arsenic exposure continued for the mothers during pregnancy and lactation and for the individual offspring in gender-based groups after weaning (at 3 weeks of age) until 2 years of age (see "Materials and methods"). Tumors were assessed in the offspring. This protocol was termed "whole-life" arsenic exposure although it did not go to the natural end of life of the individual mouse in all cases. All tumor incidence data comparisons are adjusted for survival and litter effects (see "Materials and methods").
Survival and body weights
The arsenic exposure during early life did not impact maternal water intake or maternal body weight growth during pregnancy (Table 1 ). In utero fetal growth was unaffected by these levels of arsenic exposure as the number of newborns/litter and newborn body weight did not differ based on arsenic treatment. Trans-lactational arsenic exposure after gestational exposure via the dam to these levels of arsenic had no effect on neonatal growth as assessed by offspring body weight at weaning (Table 1) . Table 1 Impact of arsenic exposure on cD1 mice until weaning Arsenic was given continuously as sodium arsenite in the drinking water to breeding pairs (10 males, 20 females) prior to breeding for 3 weeks, to pregnant dams, to lactating dams after birth (day 0), and then to the offspring from weaning up to 2 years of age when the experiment was terminated (see "Materials and methods"). Data are expressed as the mean ± SeM. no significant differences from control occurred (p > 0.05) in any of these metrics a Litters used to constitute groups of original n = 40 groups of male or female offspring b Water consumption data were based on slightly fewer dams than other metrics because water was released from the bottles by animals activity (stuffing bedding into water tube, etc.) c Day 0. All newborns were born alive 15.3 ± 0.5 16.3 ± 0.5 14.9 ± 0.5 15.4 ± 0.5
Females day 21, n 12 11 10 10
14.3 ± 0.4 15.4 ± 0.3 14.6 ± 0.5 14.6 ± 0.4
Offspring body weights during adulthood are shown in Fig. 1 (numerical data are available in Supplemental Table 1 and 2). In the adult male offspring, exposure to arsenic had some transient effects (weeks 50-74) on adult offspring body weights but only in the groups exposed to the highest two doses (500 and 5,000 ppb). Body weights were significantly (p < 0.05) reduced in male offspring exposed to 500 or 5,000 ppb as assessed on weeks 50, 54, 58, 62, 66 and in the 5,000-ppb group additionally on weeks 70 and 74 but returned to control levels for the remainder of the study (Supplemental Table 1 ). Only in one case did these differences exceed 10 % of the control mean, specifically on week 62 when the difference between control (average 65.2 g) and 5,000-ppb-treated male mice (average 58.4 g) was 10.4 %. In male offspring treated with the lowest arsenic dose (50 ppb), there were no significant differences in body weight compared to control at any time in the study. In female offspring, reduced post-weaning body weights occurred only at 78 and 82 weeks for the group receiving 50 ppb compared to control (Supplemental Table 2 ). Increased body weight compared to control occurred at 62 weeks of treatment for the group receiving 5,000 ppb. The lack of consistent body weight differences in arsenic-treated females makes these changes appear unrelated to treatment.
Survival of progeny mice is shown in Fig. 2 and Table 2 . There were no significant differences in survival from control in the males treated with any of the levels of arsenic. control male average survival in the present study (595 days or 85 weeks) is essentially the same as the survival seen in control males in our prior whole-life study (85 weeks; Tokar et al. 2011) . In females, the 5,000 and 500 ppb doses had no impact on survival, but there was a significant reduction in survival for the mice treated with the lowest dose of arsenic (50 ppb) compared to females Fig. 1 Body weights during adulthood in male (top) and female (bottom) cD1 mice exposed to whole-life inorganic arsenic. See "Materials and methods" for details of exposure. Standard deviations are omitted for clarity. Because of concurrent unrelated demands on trained necropsy personnel, terminal killing was staggered over week 104 and 105, and the week 104 body weights would not be a true time-based mean and are not included. The occasional differences that occurred in treated animals compared to control rarely exceed 10 % and are detailed in the "results" text. For precise numerical values, see Supplemental Tables 1 and 2 Fig. 2 Kaplan-Meier survival curves for male (top) and female (bottom) cD1 mice exposed to whole-life inorganic arsenic. Survival was reduced in females exposed to 50 ppb. See Table 2 for details and statistical analyses 1 3 controls. Most of these deaths in the female 50-ppb group occurred relatively late in the study (>70 weeks). The reasons for the loss of females at the lowest dose are unclear.
Lung tumors and other lung lesions Table 3 shows the effect of whole-life arsenic exposure on incidence of lung tumors in male mice. In males, whole-life arsenic exposure induced significant increases (p < 0.05) in bronchiolo-alveolar tumor (adenoma or carcinoma) incidence at 500 ppb (54 %) and 50 ppb (51 %) but not at 5,000 ppb (28 %), compared to control incidence (22 %). Arsenic-induced bronchiolo-alveolar tumors included significantly increased (p < 0.05) carcinoma at 50 ppb (27 %) compared to controls (8 %). At the 500-ppb level, adenoma incidence (38 %) was significantly increased (p < 0.05) over the control rate (14 %). Table 2 Survival after whole-life inorganic arsenic exposure in mice evaluated for lung cancer Arsenic was given continuously as sodium arsenite in the drinking water to breeding pairs prior to breeding for 3 weeks, to pregnant dams, to lactating dams after birth (day 0), and then to the offspring from weaning up to 2 years of age when the experiment was terminated (see "Materials and methods"). Tumors were only assessed in the offspring. Data are expressed as the mean survival days (% evaluated). Initial group size was 40. Groups were derived from 10 to 12 litters (see Table 1 for details) ** Significant difference from control at p < 0.01 a Survival is based on mice examined for lung tumors. The difference between the original group size (n = 40) and the group size examined is due to animals lost to observation (found dead and too autolytic for evaluation). no significant differences from control occurred in survival in males (p > 0.05). Females exposed to the 50-ppb level showed a significant suppression of survival that did not occur at higher levels of exposure b The p values under control are for dose-related trend in survival, which were not significant for either sex Table 3 Bronchiolo-alveolar tumors and proliferative lesions induced by whole-life arsenic exposure in males Arsenic was given continuously in the drinking water throughout life. Sample size is the number of mice available for pathological analysis. Data are expressed as mice with a given lesion (% pathologically assessed). Groups were derived from 10 to 11 litters with original n = 40 individuals (see Table 1 for details) * Significant difference from control at p < 0.05 ** Significant difference from control at p < 0.01. Data analyses are adjusted for survival and litter effects a One mouse in each treatment group had both a lung carcinoma and an adenoma. This is counted as a single event in "carcinoma or adenoma" and an event in "multiple tumors" In male mice, the first lung tumor, a bronchiolo-alveolar carcinoma, was observed at 46 weeks in a mouse treated with 5,000 ppb arsenic and was the cause of early termination. All male control mice survived to this point in the study.
The control rates in male cD1 mice of lung adenoma (14 %), carcinoma (8 %) and adenoma or carcinoma (22 %) in the present study were comparable with control lung tumor rates from our most recent tumor endpoint study concerning inorganic arsenic using cD1 male mice from the same source and conducted at the same facility (adenoma, 14 %; carcinoma, 6 %; adenoma or carcinoma, 20 %; Tokar et al. 2012) .
In arsenic-treated males, multiple lung tumors (multiple primaries in a single mouse) did not show significant differences but occurred to a numerically greater extent in the 50 ppb (14 %) compared to control (3 %) or the other arsenic treatment groups (5,000 ppb, 3 %; 500 ppb, 5 %; Table 3 ). Also in the 50-ppb group, one case of multiple lung tumors was a case of multiple adenomas along with a carcinoma. The 50-ppb group also showed numerically more cases of alveolar hyperplasia (11 %) than control (3 %) or the other arsenic treatment groups (5,000 ppb 3 %; 500 ppb, 5 %).
Bronchiolo-alveolar adenomas when compared to normal lung alveolar regions consisted of well-circumscribed areas of cuboidal tumor cells that tended to fill adjacent alveolar spaces. The benign tumor cells were relatively uniform, had little to no pleomorphism or atypia and had very low mitotic activity. The lung adenomas often compressed the surrounding tissue; however, there was no invasion, with defined borders that demarcated the tumor cells from the surrounding tissue. In contrast, the lung bronchiolo-alveolar carcinomas consisted of irregular to poorly circumscribed areas of tumor cells that occupied large regions of lung lobes and caused architectural distortion of the surrounding tissue. The malignant tumor cells were pleomorphic, ranging from low cuboidal to columnar with increased mitotic activity, and often formed papillary structures. The lung carcinoma cells were infiltrative and had ill-defined borders. Histopathological images of the various arsenicinduced bronchiolo-alveolar tumors compared to a control lung in males are shown in Fig. 3a -e. The representative images contain both low and high magnifications of a control lung (Fig. 3a, b) , and an adenoma (Fig. 3c, d ) and a carcinoma (Fig. 3e, f) from male mice exposed to 50 ppb arsenic. criteria used for tumor diagnosis are provided in the Methods. The large lung carcinomas often nearly filled an entire lung lobe (Fig. 3e) .
Pulmonary non-neoplastic lesions occurred in male mice but with no association with arsenic treatment. This included one case of bronchus epithelial hyperplasia each in the 5,000 and 50-ppb groups, one case of bronchiole epithelial hyperplasia in the 500-ppb group, one case of bronchus epithelial hyaline accumulation in the 50-ppb group, one case of lymphoid hyperplasia in controls, one in the 500-ppb group and three in the 5,000-ppb groups, and one case of osseous metaplasia in the 50-ppb group. Lung fibrosis (2 cases in control, 5 in the 50-ppb group, 3 in the 500-ppb group and 5 in the 5,000-ppb group), alveolar histiocytic infiltration (10 cases in control, 13 in the 50-ppb group, 14 in the 500-ppb group and 13 in the 5,000-ppb group) and hemorrhage (one case in control, 2 cases in the 50-ppb group, 2 in the 500-ppb group and one in the 5,000-ppb group) occurred as well but were not related to treatment.
In females, a significant (p < 0.05) increase (Table 4) in lung adenoma occurred at 50-ppb group (25 %) compared to control (11 %). carcinoma and adenoma or carcinoma showed no treatment-related differences from control with arsenic exposure in female offspring. One female mouse in the 5,000-ppb treatment group had a case of multiple adenoma. Alveolar hyperplasia was unremarkable in females (Table 4 ).
The control rates of lung adenoma (11 %), carcinoma (5 %) and adenoma or carcinoma (16 %) in female cD1 mice in the present study were comparable with control lung tumor rates from our most recent tumor endpoint study concerning inorganic arsenic using cD1 female mice from the same source and conducted at the same facility (adenoma, 14 %; carcinoma, 6 %; adenoma or carcinoma, 20 %; Tokar et al. 2011) .
Pulmonary non-neoplastic lesions occurred in female mice with no association with arsenic treatment. This included one case of chronic pleura inflammation in the 500-ppb group; one case of intima vascular proliferation in the 5,000-ppb group; one case of hemorrhage each in the 50-ppb, 500-ppb and 5,000-ppb groups; one case of vascular inflammation in control group; and one case of mesothelial hyperplasia in the 500-ppb group. Lung fibrosis (3 cases in control, 2 in the 50-ppb group, 3 in the 500-ppb group and 5 in the 5,000-ppb group), alveolar histiocytic infiltration (7 cases in control, 7 in the 50-ppb group, 8 in the 500-ppb group and 13 in the 5,000-ppb group), and lymphoid hyperplasia (7 cases in control, 6 in the 50-ppb group, 7 in the 500-ppb group and 6 in the 5,000-ppb group) occurred but were unrelated to treatment.
Discussion
The whole-life exposure mouse model for inorganic arsenic in the drinking water generally duplicates more typical human environmental arsenic exposure (IArc 2004 (IArc , 2012 . In prior work, use of this whole-life drinking water inorganic arsenic exposure model in cD1 mice used drinking water levels ranging from 6 to 24 ppm (Tokar et al. 2011) , doses which are, generally speaking, at or well above the upper range reported for human inorganic arsenic exposure from the drinking water (IArc 2004 (IArc , 2012 . The lung tumor response in mice seen after whole-life exposure to 24 ppm (adenoma or carcinoma in females and carcinoma in males) was not seen at the lowest dose (6 ppm; Tokar et al. 2011) . consistent with those results, in the present study, the highest arsenic dose used (5,000 ppb or 5 ppm) was not linked to lung tumors. However, in males in the present study, the lower two doses of arsenic (500 and 50 ppb) induced bronchiolo-alveolar tumors as reflected by >230 % increases in lung adenoma or carcinoma incidence. At the lowest dose (50 ppb), this increased lung tumors included a significant increase in lung carcinoma and numerically the most multiple primary lung tumors and alveolar hyperplasia. These results were not expected, particularly the unusual dose-response. The lowest whole-life dose (50 ppb) used is only five times the USePA maximum contaminant level in drinking water for arsenic in the US (10 ppb), and a response at this level is cause for serious concern. uniform population of cuboidal tumor cells with minimal pleomorphism and no atypia or mitosis. e Large bronchiolo-alveolar carcinoma nearly occupying the entire lung lobe. f Higher magnification of tumor cells outlined in 3e, note pleomorphic cells, ranging from low cuboidal to columnar with increased mitotic activity, and formation of papillary structures. note this tumor histopathology is representative of typical adenomas and carcinomas seen in arsenic-treated male mice nonetheless, these results should be interpreted with great care. For one, the reason for the absence of a typical doseresponse for lung tumor formation is unknown and requires thoughtful scrutiny and confirmation in further study.
As a toxicant, arsenic has such a multitude of diverse biological actions, and evidence indicates inorganic arsenic can show atypical dose-response effects. For instance, complex dose-response effects occur in vitro for inorganic arsenic and glucocorticoid receptor-mediated transcription such that low arsenic concentrations (<0.7 µM) stimulate transcription but slightly higher non-toxic concentrations inhibit transcription (Bodwell et al. 2004) . complex arsenic dose-response curves are shared by the progesterone and mineralocorticoid receptors (Bodwell et al. 2006) . Similarly, a clear dichotomy exists in that inorganic arsenic was widely used as a cancer chemotherapeutic (Bentley and chasteen 2002; chen et al. 2011 ) long before it was ever considered an environmental carcinogen. Arsenic has been reintroduced as a cancer chemotherapeutic and is considered a "magic bullet" against certain leukemias (chen et al. 2011 ) and may be useful against other cancers (Kritharis et al. 2013) . However, it is clear that inorganic arsenic can both kill tumors and stimulate tumor growth depending on the dose (Soucy et al. 2003; Kamat et al. 2005; Liu et al. 2006) . In human xenograft tumor model systems, oral or injected inorganic arsenic in mice clearly can kill tumor cells and block tumor growth (e.g., Liu et al. 2006 ), but at lower doses, it will actually stimulate tumor growth and metastasis (Soucy et al. 2003; Kamat et al. 2005; Liu et al. 2006) , and often the lower the dose of arsenic, the more effective it is in this stimulation (Soucy et al. 2003; Liu et al. 2006) . Indeed, some find xenograft tumor growth and metastasis is stimulated by oral doses of inorganic arsenic as low as 10 ppb (Kamat et al. 2005) , and others caution that low-dose metronomic arsenic chemotherapy should be used with "extreme caution" because of carcinogenic potential (Liu et al. 2006 ). The current wholelife exposure study showed no increase in lung tumors at the highest dose (5,000 ppb), and one might speculate that this level acted as a "pharmacological" dose for lung cancer. The net effects of a complex, dual action carcinogen/ cancer chemotherapeutic agent likely result from an intricate interplay of various factors such as target site dosimetry and length and timing of exposure. Beyond this, the mechanism of arsenic-induced lung cancer is not defined, and it is not known whether the mechanism for lung tumor induction in the moderate ppm range seen in prior wholelife work (Tokar et al. 2011 ) is the same as in the ppb range in the present study. regardless, it may be that at certain doses chronic arsenic exposure initiates cancer and then acts as a chemotherapeutic for the very cancers that were initiated. In essence, arsenic could target the same cells it had earlier transformed, with the tumor outcome dependent on the dose and window of exposure. Further study is clearly required to help define the complexities of the doseresponse in lung tumor formation seen in the present study.
Lung tumors in mice are often a late life event and have a propensity to be observed in older mice (e.g., Wang et al. 2012) . Survival therefore may impact their formation. However, there were no significant differences in survival in the arsenic-treated males compared to control males in the present study. In females, the group exposed to 50 ppb arsenic showed reduced survival for unknown reasons but, nonetheless, showed an increase in lung adenoma formation compared to control. In addition, survival was adjusted for in all statistical comparisons of tumor incidence. Thus, the increased lung tumors associated with arsenic exposure cannot be explained by differences in survival in the present study. Table 4 Bronchiolo-alveolar tumors induced by whole-life arsenic exposure in females Arsenic was given continuously in the drinking water throughout life. Sample size is the number of mice available for pathological analysis. Data are expressed as mice with a given lesion (% pathologically assessed). Groups were derived from 10 to 11 litters with original n = 40 individuals (see Table 1 for details) * Significant difference from control at p < 0.05. Data analyses are adjusted for survival and litter effects. A mouse in the 5,000-ppb treatment group had a multiple adenoma In the present work, whole-life arsenic exposure in the ppb range increased lung adenoma or carcinoma in male cD1 mice but appeared less effective in females, although females did show an increase in lung adenoma at 50 ppb. Various aspects of arsenic toxicity can have significant gender differences. For example, men appear more sensitive to arsenic-induced skin effects than women, and there can be gender-related differences in inorganic arsenic methylation (Vahter et al. 2007 ). Further, gender differences can occur in experimental carcinogenesis studies with inorganic arsenic, although females are not always less sensitive (Tokar et al. 2010; Vahter et al. 2007 ). In humans, males and females often are equally susceptible to lung cancers after inorganic arsenic exposure (IArc 2004 (IArc , 2012 , although some data indicate higher sensitivity to lung cancer in women after arsenic exposure (Aballay et al. 2012 ). In the lung, in utero exposure via maternal drinking water to 10 or 100 ppb results in impaired pulmonary mechanics in the offspring during infancy in mice to a greater extent in male offspring than female (ramsey et al. 2013a ). Thus, although we have no ready explanation for the observed gender relationship in lung tumors in this study, gender differences for inorganic arsenic are not uncommon but can be complex.
In summary, in male cD1 mice, lung tumors were associated with whole-life inorganic arsenic exposure in the ppb range, a level of exposure of concern to humans (IArc 2004 (IArc , 2012 . This response was lost at highest dose in the low ppm range for reasons that are not completely apparent. Further work should be performed in assessing the carcinogenic potential of inorganic arsenic in mice at human relevant doses. Such a study could include aspects such as more doses in the human relevant range, larger group sizes for even greater statistical power, and more extensive pathological analyses. We are hopeful that the present work will stimulate others to investigate the carcinogenic potential, and eventually the carcinogenic mechanisms, of human relevant inorganic arsenic doses in mice.
